Introduction
Carbon monoxide is the key C 1 component in the Fischer-Tropsch process and the chemical industry worldwide. It is generated from biomass or coal in the form of synthesis gas, or syngas, (CO + nH 2 ) and used to make millions of tonnes of solvents, fuels, and bulk chemicals every year. The bond in CO is the strongest in the periodic table, and whilst many metal complexes are capable of catalysing the insertion of CO into other organic substrates, only a handful of complexes have demonstrated the C-C coupling of two metalcoordinated CO ligands. Molten potassium was reported to reductively couple CO to form salts of the oxocarbon anions from homologues to [C 2 O 2 ] 2− up to [C 5 O 5 ] 2− and [C 6 O 6 ] 2− in the early nineteenth century. 1, 2 The reduction of Ta(CO) 2 (dmpe) 2 Cl by magnesium in the presence of Cp 2 ZrCl 2 affords coupled and silylated Ta(Me 3 SiOC COSiMe 3 )(dmpe) 2 Cl (dmpe = 1,2-bis{dimethylphosphino}ethane) 3 and a study on the insertion of one and two equivalents of CO into the weak Rh-Rh bond in the rhodium octaethylporphyrin (oep) dimer [Rh(oep)] 2 used 12 atm pressures of CO to force an equilibrium reaction over to a double insertion product characterised by 1 H NMR spectroscopy as (oep)Rh(CO)(CO)Rh(oep). 4 A heterotrimetallic tantalum hydride was shown to reductively couple six CO molecules at ambient pressure and temperature; protonolysis with [Me 3 NH][BPh 4 ] yielded [Ta(2,6-(CH 2 -3-t Bu-5-Me-2-OPh)(thf)] 4 (C 6 O 6 ). 5 Reactions that can form carbon-carbon bonds are rare in general, and the direct dimerisation of CO to afford OCCO is energetically uphill by +73 kcal mol −1 , and particularly rare. 1 Though the insertion of CO into metal alkyl, amido and hydride bonds is now well documented for Group 4 and f-block metal complexes, [6] [7] [8] [9] [10] [11] [12] [13] [14] there are only two complexes which bind and reductively couple carbon monoxide to date; the sterically congested, trivalent, organometallic uraniumcomplexes [U(η-C 8 H 6 {Si i Pr 3 -1,4} 2 )(η 5 -Cp R )] (Cp R = C 5 (CH 3 ) 5 or C 5 (CH 3 ) 4 H). [15] [16] [17] The former demonstrated unprecedented reductive trimerisation of CO. The same U III complex is also capable of reductively dimerising CO if exactly one equivalent of CO gas is used, although no interconversion between the (CO) n homologues, or subsequent reactivity, has been demonstrated to date. Reductive homologation by the strongly reducing La III and Sm II complexes, [La(η-Cp*) 2 ] 2 (N 2 ) and [Sm(η-Cp*) 2 (thf) 2 ], affords a ketene carboxylate dianion from three CO molecules at 90 psi pressures in 19 and 20% isolated yield, respectively. 18, 19 The incorporation of a pendant borane group to provide a hydride source has recently been used to address the second challenge in CO coupling -the formation of the reduced C-C and C-H bonds, the carbonyl [(Ph 2 P(CH 2 ) 2 B(C 8 H 14 )) 2 Re(CO) 4 ][BF 4 ] is borane activated to form Re-CH 2 -O-BR 3 which couples with a second carbonyl equivalent. 20 As yet, no catalytic C-C coupling or oligomerisation reactions exist for carbon monoxide at low pressures or temperatures. 21 The tris(amido) complex of uranium UN″ 3 , where N″ is the hydrocarbon-soluble, sterically demanding, bis(alkylsilyl)amido monoanion N(SiMe 3 ) 2 − , is widely used as a reagent in coordination chemistry, and despite its pyramidal structure, it has generally been regarded not to possess any interesting small molecule activationchemistry of its own. The 1979 report of its synthesis reported the authors' surprise at the absence of reactivity with CO or similar Lewis bases such as tetrahydrofuran(THF), phosphines or isonitriles. 22 Since then, the 1 : 1 adduct with the strong nucleophilic donor N-heterocyclic carbene tetramethylimidazol-2ylidene (NHC), 23 and with a further equivalent of the potassium amide KN″ have been reported; 24 
Results and discussion
Exposure of a dark purple hydrocarbon solution of the uranium amide complex UN″ 3 (N″ = N(SiMe 3 ) 2 ) to carbon monoxide, CO, at ambient temperature and pressure results in a gradual decolourisation of the solution to amber. Golden-coloured crystals of the U IV complex N″ 3 U-OC CO-UN″ 3 1 were formed in 82% yield, as the product of a reductive coupling of CO between two U centres, Scheme 1. ‡ We note that the original report of the inertness of UN″ 3 towards CO did not include details of solvent; 22 A single-crystal X-ray diffraction experiment confirms the one-electron oxidation of the uranium to U IV , which we assume drives the reaction, and the linearity of the UOCCOU unit in 1 (U-O-C = 178°); Fig.   1ashows the core of the molecular structure of 1. The formerly pyramidal geometry at the uranium centre has flattened out with the U cation dropping from 0.46 Å above the plane described by the three N atoms (in 
Scheme 1.
Coupling and functionalisation of carbon monoxide by the trivalenturanium amide to form a uranium-coordinated ynediolate 1, and then an ene-diolate2.
The first example of CO coordination to uranium was observed in 1986; tris(cyclopentadienyl)U III was shown to bind CO reversibly, 26 with substitutedcyclopentadienyl and organometallic analogues later demonstrated to show stronger binding. [27] [28] [29] The first non-organometallic uranium carbonyl complex was formed by reductive activation of a single CO molecule by two U III L complexes, in which L is a bulky tris(aryloxide) ligand, forming [LU 3.5 ] 2 (μ:η 1 ,η 1 -CO). 30 No further reactivity of these interesting complexes has yet been reported. In the sole previous example of the reductive coupling of carbon monoxide to the coordinated ynediolate no further reaction was observed; a result corroborated by computational analysis. 16 In contrast, heating a sample of 1 in benzene results in the formation of asymmetric 2, Scheme 1, in which one of the amido Si-CH 3 groups has reacted formally to add C-H across the alkyne group intramolecularly, affording a seven-membered metallacyclic ring containing the newly formed alkene. Identified by 1 H NMR spectroscopy (containing six paramagnetically shifted resonances), and a single-crystal X-ray diffractionstudy, Fig. 1b Both the reactions to form 1 and 2 with 13 C-labelled carbon monoxide were monitored by in situ NMR spectroscopies, but no evidence of any intermediates was observed in either case. Further monitoring was hampered by the fact that both products tend to crystallise out of the solution as they form, and the range of solvents in which the formation of 1 can be monitored is limited to very non-polar, non-coordinating solvents.
Further chemistry of both 1 and 2 has also been investigated, to identify the potential for intermolecular functionalisation or substitution of the coupled oxycarbonanion. No reaction was observed between either 1 or cholorosilane ClSiMe 3 to an atmosphere of CO result in the formation of coupled 1 before any other appreciable reaction occurs, and warming the mixture still leads to the formation of 2 in preference to any other reactivity, presumably due to the obvious steric crowding in the complex. No reaction between 1 and other silanes, boranesand haloboranes (see ESI †) was observed, and heating of these reaction mixtures again afforded only 2.
Conclusions
Hydrocarbon solutions of the simple trivalent uranium amide UN″ 3 react at ambient temperatures and pressures with carbon monoxide to afford a reductively coupled ynediolate [OCCO] 2− unit. The silylamido ligands are too sterically encumbering to allow any intermolecular reaction to occur in this system with reagents tried so far, but the electronic structure of this tris(amido) uranium system is clearly able to support further reactivity of the ynediolate fragment, exemplified here by the secondcarbon-carbon bond and carbonhydrogen bond forming reactions occurring. To our knowledge, this is the first time that a metal complex has been able to reductively couple exclusively two molecules of gaseous CO at atmospheric pressure, and the first time that this reductively coupled (CO) 2 has been demonstrated to form bonds to sp 3 carbon and hydrogen
atoms.
An increasing range of reductive activation reactions of small, traditionally inert molecules such as dinitrogen and carbon dioxide are being demonstrated for trivalenturanium complexes, [31] [32] [33] [34] [35] and the ready interconversion between the U III and U IV oxidation states involved here suggests that catalytic systems based on this coupling and functionalisation are viable. It is notable that the reaction occurs with such a simple coordination compound -an amide that is made from simple commercially available ligands (the precursor amide salt currently costs under €100 per mol). Work is in progress to develop mild routes to remove the coupled diolate with other reagents, and complete such a cycle.
